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responsibility ofAbstract A new Fe matrix composite reinforced by the in-situ generated TiCx grains was prepared
using the element Fe and Ti3AlC2 powders as the starting materials. Several hot-pressing
temperatures were tried for exploring the phase transformation behavior from Ti3AlC2 to TiCx.
Microstructures of the hot-pressed product were observed and analyzed. A tensile test was carried
out for the new composite material, and the fracture face was analyzed. The results showed that the
starting Ti3AlC2 was wholly decomposed and transformed into submicron TiCx grains at the hot-
pressing temperature above 1100 1C. Most of the Al ions escaped from Ti3AlC2 were aggregated at
the grain boundary of Fe grains, but a small amount of Al ions could be absorbed by Fe and
formed Fe(Al) alloy around the surface of Fe grains. The prepared material exhibited a higher
tensile strength of about 660 MPa and a uniform deformation of about 7%.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Composites with nanoparticles have attracted much attention
for their potential applications in many ﬁelds such as nuclear
energy, metallurgy, mining and transport industries [1–6]. Asesearch Society. Production and ho
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Chinese Materials Researchreinforcements, the nonstoichiometric ceramic has not only
general merits that the stoichiometric ceramic owned in lower
density, high Young’s modulus, good thermal stability, and
good mechanical and chemical compatibility, but also has
some special qualities in the surface activity and the wett-
ability. Thus, it may be easier to get a stronger interface
bonding with a metal matrix than the stoichiometric ceramic
[7]. But, it is not easy in processing to add the reinforcement
directly into a metal matrix. As well known, the particles
agglomerating caused by the lager surface activity is one of
intractable problems using conventional methods, such as
casting and mechanical alloying [5,8,9]. In addition, the
preparation and the preservation are also difﬁcult for nanosize
powders. However, such problems could be solved through the
in-situ reaction methods [10–19]. That is, we can use somesting by Elsevier B.V. All rights reserved.
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X. Chen et al.14larger size but transformable particles, which are easy to
prepare and easy to mix uniformly, as the starting material,
and further make them to disintegrate into nanosize grains in-
situ in the sintering process. In this case, the particle
agglomerating problem can be avoided effectively, but also
the surface activity of the nonstoichiometric grains can be
utilized in maximum extent. Thus, a metal matrix composite
with stronger interface bonding between the ultraﬁne grains
and the matrix can be obtained [20].
Ti3AlC2, as an important member of ‘‘MAX’’ phase family
[21–27], has a multilayer structure being similar to that of
graphite [10,20,28–30]. The crystal structure of Ti3AlC2 is
composed of Ti6C octahedra linked by layers of Al atoms. In a
certain temperature and environment, Al ions will escape from
the unit cells due to the weaker bonding between Al layers and
Ti6C octahedra, thus resulting in Ti3AlC2 to be decomposed
and ultraﬁne TiCx grains forming. It has been reported that
the ultraﬁne TiCx grains reinforced Cu(Al) matrix composites
can be prepared by using Ti3AlC2 powders as precursor
[10,13,27,28,31–34]. In this system, Al ions diffuse from
Ti3AlC2 into Cu to form Cu(Al) alloy, and Ti6C octahedra
is rearranged to form the ultraﬁne TiCx grains. The prepared
TiCx/Cu(Al) composites exhibited much superior ﬂexural
strength and fracture toughness [10,13,34]. This indicates that
Ti3AlC2 can be used as an effective precursor to form in-situ
the ultraﬁne grains reinforcements.
There are ﬁve types of Fe–Al intermetallic compounds, includ-
ing Fe3Al, FeAl, FeAl2, Fe2Al5, FeAl3 and Fe(Al) solid solution
(a-Fe and g-Fe) in terms of the Fe–Al phase diagrams [35]. In
general, the Fe–Al compound with a high iron composition, Fe3Al
and FeAl, could be used as structural materials for their good
wear resistance, oxidation resistance, corrosion resistance and
speciﬁc strength properties [36]. Other compounds, FeAl2, Fe2Al5
and FeAl3, may be problematic in reliable applications due to
their brittleness. Therefore, to obtain a better character in Fe(Al)
alloy matrix, the content of Al must be controlled.
In the present study, the new ultraﬁne TiCx grains rein-
forced Fe matrix composite, TiCx/Fe, was prepared by using
the mixture of Fe and Ti3AlC2 as the starting materials. The
phase transformation behavior of Ti3AlC2 and the morphol-
ogy of the generated TiCx grains were focused as the basic
issues. The tensile behavior of the prepared composite was
tested as a preliminary evaluation for the material’s mechan-
ical properties.20 30 40 50 60 70
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Fig. 1 XRD patterns for starting materials and 20TAC/80Fe
samples after HP at 700 1C–1300 1C under 30 MPa for 30 min.2. Experimental procedures
Reduced iron powders (purity 99.5%, size o74 mm, Beijing
Chemical Reagent Company) and Ti3AlC2 powders
(purity497%, average size 4.834 mm, the details can be found
elsewhere [30]) were mixed for 10 h in plastic cans. The volume
fractions of Ti3AlC2 and Fe were 20 vol% and 80 vol%,
respectively; the sample was denoted as 20TAC/80Fe. After
mixing, the mixture was compacted in a graphite die under
10 MPa, and then hot-pressed (HP) at a temperature from
700 1C to 1400 1C under 30 MPa for 30 min in Ar atmosphere.
The thermal analyses for Fe–Ti3AlC2 system were made by
differential thermal analysis (TG-DTA; STA 409 C131F,
Germany). The phase constitutions of the sintered samples were
identiﬁed by a step-scanning X-ray diffractometer (XRD) with Cu
Ka radiation (D/max2200PC, Rigaku Corporation, Japan).The lattice parameters and crystallite sizes of the samples were
calculated by Rietveld reﬁnement with the XRD data, using the
Maud software [37]. Micro images of the as-sintered samples were
observed by a scanning electron microscope (SEM, JSM-6460,
Japan) equipped with an energy dispersive spectroscopy (EDS)
system. Electron diffraction analysis and high-resolution TEM
(HRTEM) observations were performed in a JEM-2010 High-
Resolution TEM (JEM, The Netherlands) with a point resolution
of 0.914 nm working at 200 kV. The tensile strength was tested in
a tension tester (CMT4105, Germany) under a crosshead speed of
0.5 mm/min. Based on the ISO 6892:1998, I-beam specimens with
width of 4 mm, thickness of 3 mm, original gauge length of 15 mm
and extensometer gauge length of 10 mm were used for the
tensile test.3. Results and discussion
Fig. 1 shows XRD spectra of the as-mixed starting materials
and the product hot-pressed at 700 1C, 1100 1C and 1300 1C.
It can be found that there was obvious phase transformation
occurring with the change in the hot-press temperature.
Comparing with the starting materials, two new generated
phases, TiCx and Al, were detected at 700 1C, though the
diffraction peaks were very faint. As the temperature increased
to 1100 1C, the diffraction peaks of TiCx became distinct, and
further up to 1300 1C, the diffraction peaks of Ti3AlC2 and Al
phases vanished wholly, while the diffraction peaks of TiCx
became more distinct. On the other hand, it was seen that the
diffraction peaks of Fe were deﬂecting toward the diffraction
angle reducing direction. For instance, the diffraction angle
corresponding to the (110) plane of Fe reduced 0.3981 in the
case of 1300 1C compared with that of the pure Fe.
The evidences above indicate that Ti3AlC2 was partially
decomposed and TiCx grains are initially generated at about
700 1C. When the temperature was increased up to 1100 1C,
Ti3AlC2 phase decomposed wholly, and TiCx phase was
completely formed. Increasing the temperature further to
1300 1C, there were only two phases, TiCx and Fe (Al),
A TiCx reinforced Fe (Al) matrix composite using in-situ reaction 15existing in the hot-pressed product, and no other new phase
appeared. On the other hand, even though the temperature
was below the melting point of the pure Fe, a small amount of
Fe (Al) phase formed around surfaces of the Fe particles due
to the diffuseness of Al ions escaped from Ti3AlC2. With the
temperature increasing, Ti3AlC2 decomposed wholly, more Al
ions diffused to surfaces of the Fe particles, more amount of
Fe (Al) phase could be formed, and thus the diffraction peaks
of Fe appeared more apparent deﬂection.
Fig. 2 shows a surface distribution of the elements con-
tained in the product hot-pressed at 1300 1C, where, the green
color, the red color and the blue color are for Al element, Ti
element and Fe element, respectively. It can be observed that
the most of Al ions have escaped from the initial Ti3AlC2
particle, and uniformly diffuse into the whole space. However,
it is worth noticing that the Al ions aggregated mainly at the
interface of Fe particles.
Fig. 3 shows a typical BSE image of the product hot-pressed
at 1300 1C for 30 min under 30 MPa. In Fig. 3 the dark areas
are TiCx grains and the gray regions are Fe(Al) alloy according
to EDS analysis. It can be observed that the initial Ti3AlC2
particles were broken to a larger amount of small TiCx grains,
though the grains were not thoroughly disjoined, but aggre-
gated in a region enclosed by the contour of the initial Ti3AlC2
particle. The Fe particles were conglutinated each other and
clasp TiCx grains, and no obvious pore space or interface
dissociating between TiCx grains and Fe particles was found.Fig. 2 Element distribution in product hot-pressed at 1300 1C,
and red spots stand for Ti distribution, green ones for Al and blue
ones for Fe.
Fig. 3 Typical BSE images of polished surface of bulk 20TAC/Fe
samples HP sintered at 1300 1C under 30 MPa for 30 min.Fig. 4(a) shows a bright-ﬁeld TEM image of the product hot-
pressed at 1300 1C for 30 mins under 30 MPa. It can be found
that the TiCx grains possess a platelike shape with about 50 nm
in thickness and 400 nm in ﬂat face, and they bond tightly
with the surrounding Fe(Al) alloy matrix. Fig. 3(b) is a
HRTEM image of the grain boundary between the TiCx grain
and the Fe(Al) alloy matrix. It shows that the phase boundary
is clear and no interface phase can be found. The orientation
relationship between Fe and TiCx was determined as the (110)
plane of Fe being parallel to the (210) plane of TiCx, and the
(210) plane of Fe being parallel to the (110) plane of TiCx, and
the crystal orientation of TiCx is normal to the plane.
These evidences indicate that the starting Ti3AlC2 particles
have indeed transferred into TiCx grains, and the clear inter-
face suggests that there should be a chemical interface-
bonding between the grains and the Fe(Al) alloy matrix. As
for the formation of the platelike shape as well as the
aggregating behavior of TiCx grains, it is probably related to
some genetic effects in the special lamellar structure of
Ti3AlC2 crystal cell as well as the initial conﬁguration of the
starting Ti3AlC2 particles. Further investigations are requiredFig. 4 (a): Bright-ﬁeld TEM image of 20TAC/80Fe sample after
hot pressing at 1300 1C under 30 MPa for 30 min. Fig. 4(b):
HRTEM image of 20TAC/80Fe sample HP sintered at 1300 1C
under 30 MPa for 30 min.
Fig. 6 Typical fracture surfaces of TiCx/Fe (Al) composites sample
after tensile tests.
X. Chen et al.16on the detailed interface mechanism and the determination of
the subscript value of C.
Fig. 5 shows the typical stress–strain curve of the prepared
TiCx/Fe(Al) composite. The optical photographs of the tensile
sample before and after the tensile test are shown in Fig. 5 as
well. It can be observed that the sample exhibited higher
fracture strength of about 660 MPa and a maximum deforma-
tion of about 7% at room temperature. Other tensile samples
showed the similar stress–strain behavior. It is interesting that,
the sample did not appear an obvious necking phenomenon
near the failure breaking region, as that appeared in a general
ductile material, even though at the condition of the larger
deformation of 7%. Such a phenomenon exhibited an uncom-
mon uniform deformation capability of the TiCx/Fe(Al)
composite[38–40].
Fig. 6(a) and (b) is a typical fractography of the tensile
sample and a local enlarged view. The clearly visible TiCx
grains within the dimples veriﬁed again the existing of TiCx
grains, and exhibited their shape and size. It was seen that the
most of the naked TiCx grains and the residual holes on the
fracture surface shows the ﬂat face of TiCx grains to be
vertical to the tensile direction. This suggests that the interface
bonding between TiCx grains and the matrix is weaker in the
axial direction than the brim of the platelike TiCx grain, so
that they are easier to be debonded in the axial direction. On
the other hand, it can be also found that though there is not a
macroscopic necking phenomenon near the failure breaking
region, the Fe(Al) matrix exhibited actually a feature of the
ductile fracture since the existing of a larger amount of
dimples and tear ridges. This is why the TiCx/Fe(Al) material
has an unordinary uniform deformation ability at room
temperature.4. ConclusionsF
a(1)ig. 5
t 13The nanosize TiCx reinforced Fe–Al matrix composite
can be prepared by using the element Fe and Ti3AlC2
powders as the starting materials at a suitable hot-
pressing temperature.(2) Ti3AlC2 is wholly decomposed and transformed into
TiCx grains, while the Al ions escaped from Ti3AlC2 is
uniformly diffused into the whole space, at the hot-
pressing temperature of 1300 1C.Typical stress–strain curve of sample of 20TAC/80Fe HP
00 1C/30 MPa for 30 min.(3) Most of the Al ions aggregate at the grain boundary of Fe,
but a small amount of Al ions could be absorbed by Fe and
formed Fe(Al) alloy around the surface of Fe grains.(4) The prepared TiCx/Fe(Al) composite shows a higher tensile
strength and an unordinary uniform deformation ability.Acknowledgment
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